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Abstract 
The capture of CO 2 on the novel CaO on γ-Al 2O3 sorbent was demonstrated experimen tally in the temperature regime of the 
steam meth ane reforming process.  Thermogravimetric analysis illustrated that both capture and regeneration of CO 2 can take 
place at 650 o C; however, the kinetics of the two processes are observed to be very dissimilar.  The sorbent was successfully 
wash-coated on a  ceramic monolith and a flow -through reactor test of the monolith illustrated the feasibility of CO2 capture from 
a simulated gas stream.           
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1. Introduction 
Demonstration of economically and technically viable means of fossil fuel de-carbonation is essential to 
mitigation of greenhouse gas emissions.  Pre-combustion capture of carbon dioxide from gaseous fuels has 
applications in both new -generation power systems and mobile systems utilizing a de-carbonated energy carrier, 
such as hydrogen.  Methane, originated from natural gas or coal gasification, is used to generate hydrogen via steam 
methane reforming, SMR, and subsequ ent water gas shift, WGS, processes (1 and 2).  This project focuses on the 
feasibility of experimentally integrating the SMR and WGS processes with in situ  CO2 capture for the production of 
hydrogen gas.  Calcium oxide, CaO, is a promising  acceptor of CO 2, since in situ carbonation influences  the 
thermodynamic equilibrium of the reforming process  and increases hydrogen yields  (3).   
CH 4 + H 2O Æ  3 H 2 + CO  Steam Methane Reforming (1) 
CO  + H 2O Æ H2 + CO 2  Water Gas Shift  (2) 
CO 2 + CaO Æ CaCO 3  Carbonation of Ca lcium Oxide (3) 
Continuous wit hdrawal of CO2 at the point of generation forces the equilibrium of the SMR and WGS r eactions 
to the right, thus increasing the overall hydrogen yields.  This advantageous increase in yields can be quantified 
using a thermodyn amic equilibrium analysis, which evaluates the compos ition of product streams for a given set of 
initial conditions: pressure, temperature and gas composition.  Figure 1. quantifies the increase in the product gas 
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composition due to CaO presence during the SMR and WGS processes, as modeled with the chemical engineering 
software package, Aspen Plus. The RGibbs reactor of the Aspen package was employed to perform chemical and 
phase equilibrium calculations by minimizing the Gibbs free energy of all the species expected to participate in the 
equilibrium.   
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Figure 1.  Hydrogen production from methane as function of temperature and CaO presence.   
Furthermore, Balasubramanian [1] has experimentally demonstrated that all three processes, SMR, WGS, and 
carbonation, can take place in a single reactor and result in a product stream of >95% hydrogen.  A range of 
temperatures was investigated and the temperature condition of 650o C was determined to be optimal for hydrogen 
generation from methane in a single-step reactor in the presence of CaO [1].  This experimentally determined 
optimal temperature is to be utilized in the present study to illustrate the feasibility of the proposed CaO-based 
sorbent.   Regeneration of CaO yields a pure stream of CO2 ready for sequestr ation.  T he advantageous nature of 
CaO utilization as an in situ  sorbent of CO2 is well understood  and studies have focused on exploiting its ability to 
increase hydrogen yields from methane and carbon monoxide reforming [2, 3].  However,  the application of the 
proposed coupling with the CO2-generating processes is limited by the physical stability of CaO over a number of 
CO2 capture/regeneration cycles.  The material is subject to internal sintering, which can be overcome by reducing 
the p article size of CaO [4].  Furth ermore, the kinetics of the carbonation process is similarly limited by the CaO 
particle size.  The reaction is rapid initially; however, once a layer of a carbonate is formed, the reaction is limited 
by the CO2 diffusion through this product  layer [5].  Consequently, increasing the total reactive area by minimizing 
the particle size will result in faster kinetics.   
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Figure 2.  Comparative efficiency of CaO/γ -Al2O3 versus pure CaO and literature data for CaO . 
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This study focuses on the sorbent performance, as a CO2 acceptor,  in the temperature regime of the SMR and 
WGS processes; moreover, the feasibility of wash-coating the sorbent on a solid support to be emplo yed within a 
pilot reactor is investigated here. The larger aim for our research efforts is to illustrate a sustained hydrogen 
production from methane coupled with a multi -cyclic CO2 capture and regeneration.  Ho wever, natural gas, as a 
source of methane, is not to be treated as the sole input to the proposed technology.   Methane can be sourced from 
the gasification of biomass, heavy hydrocarbons, or coal.  Integration of the proposed technology into the new-
generation coal power plant design is essential for the production of carbon-free electricity [11].          
2.   Experimental Methods  
A CO 2 sorbent was prepared by introducing aqueous calcium ions onto a high -surface γ-Al2O3 support.  Thermal 
processing of the sorbent resulted in a thin layer of CaO distributed on the support.  Slurry of the sorbent in an 
organic solvent solution was wash -coated on a honeycomb-structure ceramic monolith.    Further calcining  monolith 
produced a physically -stable coat of CaO/γ-Al2O3 covering the channels of the monolith.   Both the sorbent and the 
monolith were tested with a thermogravimetric analyzer and the monolith was further tested within a flow -through 
reactor.   
A Netzsh STA 409PC/4/H thermo -gravimetric analysis unit was utilized for the evaluating the CO 2 sorption.  
Temperature ranges and gas flow rates are inputs controlled by the  Netzsh software. The first group of experiments 
was designed to study the CO 2 capture/desorption on CaO/γ-Al2O3 sorbent at 650
o C.  Following 1 hour pre -
treatment period, gases were automatically switched to 50% CO 2 in N2 to facilitate isothermal CO2 capture for 10 
minutes.  P ure N2 gas was  then  introduced for 10 minutes to allow for CO2 release and the process was repeated for  
30 cycles.   The second group of experiments focused on a ceramic monolith, coated with  CaO/γ-Al2O3.  Following 
pre -treatment, CO2 gas was introduced (50% by volume in N 2) to observe the isothermal capture of CO2 on a CaO -
coated monol ith.  
In the next stage of experiments, a ceramic monolith coated with CaO/γ-Al2O3  was secured inside a quartz -tube 
reactor, which was placed in a tube furnace.  Thermocouples located throughout the monolith reactor bed to detect 
the exothermal heat releas e due to CO2 capture on CaO, additional thermocouples were used as references (Figure 
3). Gas flows were controlled by means of mass flow controllers and preheating of gases was initiated prior to their 
contacting the reactor bed.  Voltage output from thermocouples was continuousl y acquired as function of time.   
Isothermal CO2 capture was performed with a 50% by volume CO2 in nitrogen gas stream, similarly to the TGA 
experiments. 
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Figure 3.  Flow-Through Reactor Design.  Five  thermocouples are placed in , on, and around the washcoated monolith.  In the direction of 
airflow, thermocouples 1, 2, 3, 4 are placed within the monolith, and thermocouple 5 is placed after the monolith.   
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3. Results and Discussion  
Past thermogravimetric experimental studies have esta blished the physical stability and the sustained conversion 
efficiency of the proposed CaO/γ-Al2O3 sorbent.  Since CaO regeneration was expected to take place at higher 
temperatures than CO 2 capture, these experimental results required si gnificant temperature swings.  The present 
research is focused on the feasibility of coupling the CO2 sorption on the proposed sorbent with the steam reforming 
of methane and the effectiveness of the CaO/γ-Al2O3
 sorbent was evaluated at this temperature.  Previous studies of 
the sorbent suggested that the rapid reaction between CO 2 and CaO/ γ-Al2O3 is that of chemisorption nature in the 
time range of interest.  The sorbent is expected to be fully carbonated provided longer operational time periods.  The 
advantage of chemical sorption bonds is that lesser amounts of energy are required to regenerate CaO/γ-Al2O3 and 
releas e CO2.  To minimize the temperature swings between the CO2 capture and release reactions, both processes 
were allowed to take place at 650 o C in alternating atmospheres of 50% CO2 in N2 and 100% N2, with 10 minutes 
allocated to each reaction for a total number of 30 capture/release cycles, as studied by the TGA.  Figure 4.   
quantifies the efficiency of the sorbent, corrected to the first cycle, as function of number of cycles.  The observed 
decrease in the sorbent’s activity is not due to deactivation; the sorbent can be reactivated to its full efficiency by 
calcination at 800o C in pure nitrogen atmosphere.  The observed loss in efficiency is due to discrepancy in the 
kinetics of capture of CO 2 versus that of its release.   
 
0%
20%
40%
60%
80%
100%
120%
0 5 10 15 20 25 30
Number of Cycles
C
on
ve
rs
io
n 
Ef
fic
ie
nc
y
 
Figure 4.  Efficiency of  CaO/γ-Al2O3 as number of CO 2 capture/release cycle s at 650 o C.  
The CO2 sorption process is very fast, whereas the CO 2 release process is much slower and the allocated time 
period of 10 minutes did not allow for the full evacuation of the gas.  Therefore, the r egenerated sorbent exhibited a 
decreased affinity towards CO2 since a fraction of CaO sites were already occupied with the gas molecules.  Figure 
5. graphs the TGA results for one CO2 capture/release cycle at 650
o C, with the mass change plotted versus time.   
Two distinct kinetic regimes are observed for CO2 sorption.   Upon CO 2 introduction into the gas stream, a very 
rapid adsorption is observed initially; the reaction rate then slows down, possibly due to diffusion limitations.  These 
limitations are ex pected to be reduced once the sorbent is washcoated on a monolithic support.  The CO2 releas e is 
slower and additional time is required to fully regenerate the sorbent to its original mass.  Alternatively, elevated 
temperatures are needed to rapidly regene rate CaO/ γ-Al2O3 sorbent to its original mass.  
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Figure 5.  Mass change due to CO 2 adsorption and desorption at 650 o C.  
For its ultimate application, the sorbent is to be integrated onto a monolithic support.  A coat of CaO/ γ-Al2O3 was 
applied to a piece of a cera mic monolith and the resulting system was analyzed with the TGA unit.  Figure 6. 
illustrates the mass change due to CO 2 capture on a monolith, as measured by the TGA.  Following the introduction 
of CO2 gas, a rapid sorption is observed, the diffusion limitations are qualitatively lesser than observed for powder 
CaO/γ-Al2O3 in Figure 5.  This is in line with the original assumption that minimizing the particle size of CaO, here 
by micro -distributing the sorbent over a monolith, would be advantageous to minimizing kinetic limitations 
associated with CO2 diffusion throu gh a product layer.  Moreover, a very high fraction of CaO, 77.2%, was active in 
CO2 capture.  It is believed that optimizing the slurry composition will drive the calcium utilization fraction higher.  
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Figure 6.  Mass change due to CO 2 adsorption  650 o C on a monolith washcoated with CaO/γ-Al2O3 .  
A cylindrical monolith was coated with CaO/ γ-Al2O3 and analyzed within a flow-though reactor.  Thermal 
changes due to exothermal heat release during the CO 2 sorption were recorded.  From Figure 5. and 6., it can be 
deduced that the reaction of C O2capture is very fast and high amounts of CO 2 are captured in less than a minute, 
with a lesser diffusion -limited conversion occurring thereafter.  A ten-second window of the reactor operation, when 
the rapid phase of the process occurs, was analyzed for the temperature changes due to CO 2 capture; Figure 7. plots 
these changes as recorded by five thermocouples.   In addition, a ten -second period from Figure 6, when the mass 
change was increasing at the maximum rate, was plotted on the same graph.    
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Figure 7.  Temperature change due to CO 2 adsorption  650 o C on a monolith washcoated with CaO/γ-Al2O3 .  
The constructed system allowed us to illustrate the feasibility of capturing CO2 on a monolith -supported CaO/γ-
Al2O3.   A rapid change in temperatures was  observed for the four thermocouples (1-4) that were in contact with the 
monolith coated with CaO/γ-Al2O3.  A minimal temperature change was recorded by the reference thermocouple 
placed downstream from the monolith (5).  The slope of the temperature chang e recorded in a reactor was consistent 
with the TGA analysis of the mass change due to CO 2 capture on CaO/γ-Al2O3 under the same operational 
conditions.   
4.   Conclusions 
         The aim of the present study was to evaluat e the feasibility of capturing CO 2 on CaO distributed on γ-Al2O3 in 
the operating regime of the SMR/WGS processes.  Sorption of CO2 was successfully demonstrated at 650
o C; 
furthermore, desorption of CO 2 was observed at the same temperature in pure nitrogen atmosphere.  This low-
temperature desorption of CO2 suggests that CO 2 was chemically adsorbed on the surface of CaO and not fully 
reacted to form calcium carbonate in the provided reaction time frames.   The mechanisms behind the chemical 
sorption and subsequent low-temperature desorption  of CO 2 require further investigation.  Dissimilar kinetics of 
capture and release reaction at 650 o have resulted in an observed decrease in the operational efficiency of the 
sorbent.   However, the decrease in efficiency is minimized when the regeneration process is performed at elevated 
temperatures (800o C), but it would result in higher energy penalties.  Future studies will focus on balancing the 
kinetics of the capture/release processes to maximize the total energy efficiency of the system.  Last, the 
effectiveness of washcoating CaO/γ-Al2O3 onto a ceramic monolith for the purpose of CO2 capture was illustrated 
with the TGA analysis and in a flow -through reactor.  Further studies are to be focused on quantifying the CO2 
capture process within the flow -through reactor and understanding the effect of steam on the sorbent performance.  
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